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ABSTRACT
The evolution of magnetic field in isolated neutron stars is one of the most important in-
gredients in the attempt to build a unified description of these objects. A prediction of field
evolution models is the existence of an equilibrium configuration, in which the Hall cascade
vanishes. Recent calculations have explored the field structure in this stage, called the Hall
attractor. We use X-ray data of near-by, cooling neutron stars to probe this prediction, as these
sources are surmised to be close to or at Hall attractor phase. We show that the source RX
J1856.5-3754 might be closer to the attractor than other sources of its class. Our modelling
indicates that the properties of surface thermal emission, assuming that the star is in the Hall
attractor, are in contradiction with the spectral data of RX J1856.5-3754.
Key words: Magnetic fields — Radiation mechanisms: thermal — stars: neutron — stars
(individual): RX J1856.5-3754 — X-rays: stars
1 INTRODUCTION
Despite isolated neutron stars (INSs) are mostly detected as ra-
diopulsars (PSRs), the existence of different manifestations of
INSs, with vastly diverse observational properties, emerged over
the last two decades. These include the soft γ-repeaters and the
anomalous X-ray pulsars (SGRs and AXPs, aka the magnetar
candidates; see e.g. Mereghetti 2008; Turolla et al. 2015, for re-
views), the central compact objects in supernova remnants (CCOs;
e.g. de Luca 2008; Ho 2013), the thermally emitting X-ray INSs
(also called the Magnificent seven, M7 hereafter; e.g. Turolla
2009) and the rotating radio transients (RRaTs; e.g. Burke-Spolaor
2013). The number of known objects in each class is fairly lim-
ited (≈ 10–100) when compared to that of PSRs (≈ 2000 in the
ATNF catalogue, Manchester et al. 2005)1. Still, estimates of the
birth rates indicate that some INS groups may outnumber PSRs
(the thermally emitting X-ray INSs and the RRaTs in particu-
lar, see Popov, Turolla & Possenti 2006; van Kerkwijk & Kaplan
2008) and the total INS birth rate turns out to exceed the commonly
accepted value of the Galactic supernova rate (Keane & Kramer
2008). This has been taken as evidence that some evolutionary links
among the INS classes must exist and led to the quest for the so-
called “grand unification” of neutron stars, or GUNS for short (e.g.
Kaspi 2010; Igoshev et al. 2014).
The basic idea behind GUNS is that the observational status of
an INS at a given age depends on its properties at birth, — chiefly
the mass, the initial spin period, and the magnetic field, — but not
⋆ E-mail: sergepolar@gmail.com
1 The ATNF Pulsar Database, www.atnf.csiro.au/people/pulsar/psrcat/.
in a simple manner. The successive thermal, rotational and mag-
netic evolution is responsible for the outward appearance of the star,
which can pass through different stages, crossing from one class to
another. Thermal and magnetic evolution are inherently coupled,
since the magnetic diffusivity, which enters the induction equation
for the B-field, strongly depends on temperature (and density).
Models of magneto-thermal evolution of NSs provide pre-
dictions which can be tested using observational data. In partic-
ular, since the crustal magnetic field dictates the surface temper-
ature distribution and hence the properties of the thermal emis-
sion, the observed spectra of thermally emitting INSs can be
used to probe the topology of the magnetic field and its evolu-
tion. In this paper we confront the predictions of the Hall attrac-
tor model (Gourgouliatos et al. 2013; Gourgouliatos & Cumming
2014a) with X-ray spectral data of the M7. In section 2 we briefly
summarize the properties of the Hall evolution and of the Hall at-
tractor, while in section 3 we discuss which classes of INSs are best
suited to this kind of investigation. Our model for the surface emis-
sion is presented in section 4 and results in section 5. Discussion
follows in section 6.
2 MAGNETIC FIELD EVOLUTION AND THE HALL
ATTRACTOR
In recent years, magnetic field evolution in INSs has been the fo-
cus of several studies (see a review in Geppert 2009). As noticed
by Pons & Geppert (2007), the internal magnetic field of INSs is
likely supported by two current systems, a short-lived one in the
crust, with typical decay time τdecay ≈ 0.1–10 Myr and a long-
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lasting one in the core, τdecay & 10–100 Myr (see Elfritz et al.
2016, for recent calculations corroborating this picture). This im-
plies that in not-too-old INSs, with age . a few Myrs, the evo-
lution of the core field can be ignored. This applies in particu-
lar to the M7, which have a dynamical age ∼ 0.5 Myrs (e.g.
Mignani et al. 2013, and references therein). Observationally, the
picture of field decay is, however, far from being clear. The prop-
erties of the radio-pulsar population can be reproduced without in-
voking any decay of the magnetic field, or assuming a timescale
so long that it exceeds the lifetime of a normal radio pulsar (e.g.
Regimbau & de Freitas Pacheco 2001; Faucher-Gigue´re & Kaspi
2006). On the other hand, some studies have shown that syn-
thetic populations match the observed ones if the field decays on
a timescale of a few Myrs (Gonthier et al. 2002). While these cal-
culations assumed a constant field decay rate, more recent popula-
tion synthesis simulations rely on a more accurate, self-consistent
modelling of the field, spin, and thermal evolution, providing re-
sults in correspondence with data (Popov et al. 2010; Gullo´n et al.
2014). Finally, Igoshev & Popov (2014) demonstrated that a brief
episode of relatively rapid field decay (characteristic timescale few
×105 yrs) can fit well data on young and middle age radio pulsars.
We mention also that, aside from the evolution of the field it-
self, the rotational properties of an INS are influenced by possible
variations in time of the direction of the dipole moment with re-
spect to the star spin axis (which is measured by the angle ξ, see
Section 4). This issue has been extensively discussed in the liter-
ature, partly in connection with magneto-rotational evolution (see
Philippov et al. 2014 and references therein), partly in connection
with the precession of INSs (e.g. Link 2003, for a review). In par-
ticular, it has been shown that the star tends to a global minimum
energy configuration which is characterized by ξ = 0 or ξ = π/2
(i.e. either an aligned or an orthogonal rotator; e.g. Wasserman
2003, and references therein). While local minimum energy states
(in which the INS precesses) can be achieved over relatively short
timescales, the global equilibrium (when no precession occurs) re-
quires much longer, as compared to the spin-down time. We note
that the spin-down of an INS (and its thermal history) can be in-
fluenced by other effects, besides magneto-rotational losses. They
include gravitational wave emission, the interaction with a fossil
disc and possibly the interaction of the rotating dipole with the
magnetized vacuum around the star (the so-called quantum vac-
uum friction; e.g. Davies 2005; Xiong, Gao & Xu 2016). These are
not addressed in the present investigation.
Here we focus on the evolution of the crustal component of the
field and assume that the core field does not change in time. More-
over, given that no precession is observed in RX J18562 , we do not
consider any evolution of ξ. Magnetic field evolution in a INS crust
proceeds mainly under the influence of two processes: Ohmic dis-
sipation and Hall cascade (see, for example, Cumming et al. 2004).
Ohmic dissipation can be due to electron scattering on phonons
while the temperature is high enough. The characteristic timescale
for the field evolution at this stage is ∼ 1 Myr, or even shorter de-
pending on the magnetic field. After the temperature drops below
a critical value dissipation is due to impurities, and the timescale is
significantly longer. Note that these timescales are estimated for the
large scale magnetic field. The Ohmic timescale is (Cumming et al.
2004):
2 Precession is indeed measurable in the M7, and it was suggested to occur
in RX J0720.4-3125 (Hohle et al. 2012, and references therein).
τOhm =
4πσd2
c2
= 4.4 × 106
( σ
1020s−1
)( d
1 km
)2
yr (1)
where σ is conductivity, d the typical lengthscale of the field struc-
ture, and c the speed of light. Since d becomes smaller for higher-
order multipolar components, small scale fields dissipate much
faster.
The Hall cascade is a non-dissipative process
(Goldreich & Reisenegger 1992). It just redistributes magnetic
energy, mainly transferring it from the larger to the smaller scales,
where it is rapidly dissipated due to Ohmic losses. The typical
timescale of the Hall process can be estimated as (Cumming et al.
2004):
τHall =
4πneed
2
cB
(2)
= 6.4× 105
( ne
1036 cm−3
)( d
1 km
)2 (
B
1014 G
)−1
yr,
where ne is the electron density, and d is again the typical length-
scale for B (and so for currents and ne) in the crust. Note, that ne
and d can vary, and for NSs with a large magnetic field tHall can be
small. So, it is expected that highly magnetized NSs undergo rapid
field evolution. This is now believed to be the case for the mag-
netar candidates, in which rapid field dissipation is driven by field
reconfiguration due to Hall cascade (Vigano` et al. 2013).
Calculations by Gourgouliatos & Cumming (2014a,b), under
the assumption of axial symmetry, have shown that Hall evolution
saturates after a few tHall. The magnetic field reaches some sta-
ble configuration, and the successive evolution is driven mainly
by the relatively slow Ohmic dissipation. The stage when the
Hall cascade stops is called by these authors the Hall attractor
and it is reached in . 1 Myr for magnetar-like initial fields.
These picture was confirmed by the 3D numerical simulations by
Wood & Hollerbach (2015). Due to the Hall cascade the field in
the crust is moved towards the crust-core boundary, and dissipates
there (Gourgouliatos & Cumming 2014b). Thus, field looks more
like a core-centered field. According to Gourgouliatos & Cumming
(2014b) the Hall attractor has a well-defined property. When the
field structure is stabilized, its poloidal part mainly consists of
dipole and octupole components (with small addition of the l = 5
multipole).
Since the surface thermal distribution in a cooling, magne-
tized INS is determined by the structure of its crustal field (e.g.
Greenstein & Hartke 1983; Page 1995; Geppert et al. 2004, 2006,
see Section 4) the analysis of INS X-ray spectral properties can
provide a direct test for the Hall attractor scenario.
3 POPULATIONS OF ISOLATED NEUTRON STARS
In order to compare with observations the predictions on the field
evolution by Gourgouliatos & Cumming, we need to select a sam-
ple of INSs which are allegedly close to the Hall attractor stage. In
particular, these sources need to be of the right age (. 1 Myr), pos-
sess initially high fields, and should display thermal emission from
their cooling surface (better, not polluted by significant non-thermal
magnetospheric contribution). The magneto-rotational evolution of
an initially highly magnetized INSs can be approximately followed
c© 2013 RAS, MNRAS 000, 1–??
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assuming that during the Hall stage the magnetic field decays ex-
ponentially with a characteristic time τ = 104(B/1015 G)−1 yr
(see, for example, Aguilera et al. 2008 for discussion of simple fits
for the field decay model in the presence of the Hall term). In this
case the loci of constant age in the P -P˙ plane do not coincide with
the usual constant characteristic age lines. They are shown in fig-
ure 1 for an age equal to two (orange solid line) and three (light
blue dashed line) Hall timescales, i.e. when the magnetic field has
decayed by a factor exp (−2) and exp (−3), respectively. The as-
terisks along the two lines give the true age of the star in Myr (for
the initial spin period equal to 0.01 s). Note that an INS will reach
the line at different times according to its initial magnetic field,
since the Hall timescale depends on B0.
According to figure 1, while some old radio pulsars can indeed
reach the Hall attractor, on average objects of this type have too low
magnetic fields, and hence too long Hall timescales, in agreement
with the results by Igoshev & Popov (2015). Active magnetars ap-
pear also to be far from the attractor stage, as expected, since after
the attractor is reached the release of magnetic energy, and hence
the activity, should decrease (see, however, Wood & Hollerbach
2015, who claim that old magnetars can still produce bursts, even
after reaching the attractor stage).
Quite interestingly, figure 1 shows that close-by, cooling iso-
lated NSs, the XDINSs or M7, lie close to the Hall attractor
stage, as quite naturally follows if these sources are descendants
of magnetars (so that their initial field was huge), with typical ages
∼ 0.5 Myr (Popov et al. 2010). This is very fortunate, as the M7
are purely thermal sources, and their surface emission is potentially
sensitive to the magnetic field structure in the crust. Indirectly, the
proximity of the M7 to the attractor may be also supported by their
low activity. In the next subsection we briefly summarize the prop-
erties of X-ray emission from the M7.
3.1 X-ray emission from the Magnificent Seven
The M7 are isolated neutron stars characterized by stable thermal
emission with temperatures ∼ 50-100 eV3. Typically, their spectra
can be fitted by one or two blackbody components with the addition
of a broad absorption feature at few hundred eVs. The pulsed frac-
tion is usually low (. 20%) and the luminosities are in the range
L ∼ 1031–1032 erg s−1. A recent summary of the main properties
of the M7 can be found in Pires et al. (2014, see also Turolla 2009).
The spin-down measure of the dipole field in the M7 gives
values somehow in excess of those typical of radio pulsars and
not too far from those of the magnetars, i.e. 1013–1014 G (e.g.
Turolla 2009)4. This led to the suggestion that the M7 could be
elderly magnetars, kept hotter than normal INSs of the comparable
age by field decay (Pons et al. 2007). Indeed, detailed population
synthesis calculations confirmed that the general properties of the
M7 follow naturally in the framework of a decaying magnetic field
(Popov et al. 2010).
Different sources among the M7 can be at different evolution-
ary stages, and so they can be closer or farther from the attractor
stage. This may translate into different levels of activity, since, ac-
cording to Gourgouliatos & Cumming (2014b) sources close to the
3 See the on-line catalogue of thermally emitting NSs at
http://neutronstarcooling.info (Vigano` et al. 2013).
4 These values are in agreement with those obtained from the energy of
the absorption features, assuming that the latter are produced by proton cy-
clotron resonance or by bound-bound transitions in low-Z elements.
Figure 2. The placement of the M7 in B–L plane (data taken from
http://www.neutronstarcooling.info/). The red arrow indicates the likely
evolutionary path of a NS during the Hall phase.
attractor should appear less active. Actually, none of the M7 ex-
hibits magnetar-like activity. Still, they display somehow different
characteristics, and this can be used to gauge the proximity to the
attractor (see Fig. 2). In particular, NSs at (or very near) the attrac-
tor should have lower pulsed fraction and lower magnetic field than
other sources of the same class, together with lower temperatures
and luminosities, since it is expected that, in the case of the M7,
temperatures and luminosities are slightly enhanced due to field
decay (Popov et al. 2010). Following this line, RX J0720.4-3125
may provide a good case for an M7 source which is still far from
the Hall attractor. In fact, it has the largest luminosity among the
Seven, its pulsed fraction is > 10%, and it exhibits long-term spec-
tral variability (e.g. Van Kerkwick et al. 2007; Hohle et al. 2012,
and references therein). On the other hand, RX J0420.0-5022 and
RX J1856.5-3754 may be representatives of sources close to the
Hall equilibrium: they have low blackbody temperatures (∼ 50–60
eV), and hence luminosities, and their dipolar B-field, ∼ 1013 G,
is the weakest among the Seven.
At variance with RX J0420.0-5022, RX J1856.5-3754 is the
prototype and brighter member of the class, and its spectral proper-
ties are very well-characterized. The pulsed fraction is the lowest,
∼ 1%, no variability was detected so far and the X-ray spectrum
is well fitted by two blackbody components with kT∞1 ∼ 61–
62 eV, R∞1 ∼ 4.5–5 km and kT∞2 ∼ 39 eV, R∞2 ∼ 11–16 km
(Sartore et al. 2012); all the previous quantities are referred to an
observer at infinity. For these reasons in the following we focus on
RX J1856.5-3754 (RX J1856 hereafter), and try to assess if its spec-
tral properties are indeed compatible with the crustal distribution of
the magnetic field predicted by the Hall attractor configuration.
4 THE MODEL
In order to compute synthetic spectra from the cooling surface
of an isolated NS we follow the same approach presented in
Zane & Turolla (2006, see also Page 1995; Taverna et al. 2015).
The star surface is divided in a number of patches by means of
an equally-spaced grid in µ ≡ cosΘ and Φ (0 6 µ 6 1,
0 6 Φ 6 2π), where Θ and Φ are the co-latitude and the az-
c© 2013 RAS, MNRAS 000, 1–??
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Figure 1. The P -P˙ diagram showing the different INS classes. The full orange (dashed light blue) line corresponds to an age equal to two (three) Hall
timescales (see text); here an initial period P0 = 0.01 s has been assumed and the initial magnetic field is in the range 1012 G 6 B0 6 1015 G. The asterisks
along the two lines mark the true age of the star in Myrs, the spacing between two symbols corresponds to a factor of 10 decrease, moving from left to right.
imuth relative to the line-of-sight (LOS). Relativistic ray-bending
(the vacuum Schwarzschild solution is assumed throughout) is ac-
counted for by introducing the angle Θ¯,
Θ¯ =
∫ 1/2
0
dv sinΘ
[(1− x)/4− (1− 2vx)v2 sinΘ2]1/2
, (3)
so that the monochromatic flux emitted by the portion of the surface
which is into view at a given spin phase γ is given by
Fν(γ) = (1− x)
R2NS
D2
∫ 2π
0
dΦ
∫ 1
0
Iν(k, θ, φ)du
2 ; (4)
here u = sin Θ¯, D is the source distance, x = Rs/RNS, Rs =
2GMNS/c
2 and MNS, RNS are the star mass and radius. In equa-
tion (4), Iν is the specific intensity which in general depends on
the photon direction k, and on the position of the emitting point on
the surface, expressed here through the magnetic co-latitude θ, and
azimuth φ. The components of k, θ and φ can, in turn, be expressed
in terms of Θ, Φ, γ and the two geometrical angles χ and ξ which
give, respectively, the inclination of the LOS and of the magnetic
axis with respect to the star spin axis.
In the following we restrict to magnetic configurations de-
scribed by the superposition of multipoles up to l = 5 (see section
2); we specify the strength of the dipole at the magnetic pole, Bp,
and the polar ratio of the l-multipole to the dipole, ρl. General-
relativistic corrections to the B-field were included through the
functions f(x) and g(x), for the r- and θ-component of the field,
respectively (Muslimov & Tsygan 1986)5. For magnetic fields &
1011 G electron thermal conduction is essentially along the mag-
netic field lines and the surface temperature distribution is given
by
Ts ≃ Tp| cos θB|
1/2 , (5)
where Tp is the polar value of the temperature and θB is the angle
between B and the surface normal (e.g. Greenstein & Hartke 1983;
Page 1995, see also Potekhin, Pons & Page 2015).
No definite physical model for the surface emission from the
M7 has been put forward as yet (see e.g. Potekhin 2014, for a dis-
cussion). It has been suggested that in these sources the surface
layers are in a condensed state, owing to a phase transition driven
by the low surface temperature and relatively high magnetic field
(Lai & Salpeter 1997; Burwitz et al. 2003; Turolla, Zane & Drake
2004; Medin & Lai 2007, see also Turolla 2009, Potekhin 2014).
In particular, Ho et al. (2007) used the condensed surface emission
model to explain the multiwavelength spectral energy distribution
5 Note that for higher order multipoles, the analytical expression for the
hypergeometric functions, which give f and g, becomes numerically unsta-
ble even for x ∼ 0.3. For this reason we used the sum of the (truncated)
hypergeometric series instead.
c© 2013 RAS, MNRAS 000, 1–??
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of RX J1856, with the addition of a thin, magnetized, H atmosphere
on top of the condensate to reproduce the optical spectrum. In the
next section we present results for the X-ray spectrum of RX J1856
for magnetic configurations typical of the Hall attractor for both
(isotropic) blackbody emission at the local temperature T and a
condensed surface. The specific intensity in the former case is sim-
ply
Iν,BB = Bν(T ) =
2h
c2
ν3
exp(hν/kT )− 1
(6)
while in the latter it can be expressed as
Iν,C = jν(B,k, θBk)Bν(T ) , (7)
where jν is the emissivity of the condensed phase and θBk is the
angle between the photon direction and the magnetic field; the ana-
lytical approximations by Potekhin et al. (2012) were used to com-
pute jν (see also Gonza´lez Caniulef et al. 2016, for more details).
Because of the present uncertainties in modelling the dielectric ten-
sor of the condensed phase, here we consider both the two limit-
ing cases in which ions are either treated as “free” or “fixed” (see
e.g. Turolla, Zane & Drake 2004; Potekhin et al. 2012, for more de-
tails).
5 NUMERICAL RESULTS
The spectral properties of RX J1856 were simulated assuming a NS
with mass MNS = 1.4 M⊙ and radius RNS = 12 km; we also as-
sumed a polar temperature at the surface Tp ≃ 75 eV, compatible
with the estimated temperature of the hotter blackbody at infinity
by (Sartore et al. 2012, see §3.1)6. The temperature profile given by
equation (5) was slightly modified, by truncating it at Te = 5 eV
in order to avoid a vanishing temperature at the magnetic equator
(see e.g. Taverna et al. 2015; Gonza´lez Caniulef et al. 2016). Fol-
lowing Gourgouliatos & Cumming (2014b), we mimicked the Hall
attractor stage adopting two different magnetic field topologies: a
combination of dipolar and octupolar components, with opposite
polarity and polar ratio ρ3 = 0.6, and a similar configuration,
with the addition of an ℓ = 5 component, characterized by the
polar ratios ρ3 = 0.6 and ρ5 = 0.3. Hereafter we will refer to
these two models as model 1 and model 2, respectively. Accord-
ing to the measured values of P and P˙ , we set the magnetic field
intensity for the dipolar component at the poles at Bp ≃ 1013 G
(van Kerkwijk & Kaplan 2008).
The resulting maps for the surface temperature are shown in
Fig. 3b for model 1 and Fig. 3c for model 2; the map for a purely
dipolar magnetic field is also shown for comparison. Model 1 and
2 only differ for a small region around the magnetic pole: here the
surface temperature is ∼ 25% lower with respect to Tp for model
1, while, at the same magnetic colatitudes, it is nearly constant (and
equal to the polar value) for model 2. On the other hand, compar-
ing the first two maps with that for the purely dipolar field, it turns
out that the addition of higher-order multipoles generally increases
the surface temperature, making its distribution more uniform. This
implies that the pulsed fraction will likely decrease as the star ap-
proaches the Hall attractor.
We then simulated the emission, first considering the case of
surface blackbody radiation with temperature T = max(Ts, Te)
6 The gravitational redshift factor for the values of mass and radius used
here is 1 + z ∼ 1.24.
χ ξ T1 (eV) T2 (eV) A2/A1
Pure dipole 15◦ 80◦ 72.0 57.8 1.27
Model 1 20◦ 80◦ 73.0 59.4 0.76
Model 2 25◦ 80◦ 73.5 58.1 0.36
Table 1. Results of the fits performed for the spectra shown in Figure 5. The
values of temperature are at the star surface.
(see equation 5). The top row of Figure 4 shows the pulsed frac-
tions, in the 0.1–1.6 keV energy range, for the pure dipole (left),
model 1 (center) and model 2 (right), plotted as function of the an-
gles χ and ξ. The decrease of the pulsed fraction as higher-order
multipoles are added to the dipole is apparent from Figure 4. The
loci in the (χ, ξ) plane that correspond to the observed value of the
pulsed fraction for RX J1856 (∼ 1.3%, see §3.1), are also drawn to
show the geometrical configurations which correspond to the ob-
servational data.
In order to check if the spectral parameters derived by
Sartore et al. (2012) are indeed reproduced, we calculated the
phase-averaged spectra in the 0.1–2 keV energy range for each pair
of angles χ and ξ and fitted them with two blackbody components
at temperature T1 and T2
F = A1E
3
(
1
exp (E/kT1)− 1
+
A2/A1
exp (E/kT2)− 1
)
, (8)
where the normalization A1 (A2) depends only on the emitting
area. The middle and bottom rows of Figure 4 show, again as a
function of χ and ξ, the behavior of the ratios T2/T1 and A2/A1,
respectively, for the same three magnetic configurations described
above. Moving from the dipole towards the Hall attractor stage, the
ratio T2/T1 increases slightly, being anyway close to ∼ 0.7, not
that far from the value (∼ 0.65) derived by Sartore et al. (2012).
On the contrary, the ratio A2/A1 generally decreases. In particu-
lar, only in the case of the dipole, and for some viewing geometries
(small χ – large ξ and vice versa), the emitting area of the colder
component is larger than the hotter one, with A2 ∼ 1.2A1. Adding
higher-order multipole components, instead, A2 becomes system-
atically smaller than A1, resulting in A2 ∼ 2/3A1 for model 1 and
A2 ∼ 1/3A1 for model 2. This behavior contrasts with the obser-
vations, which give an emitting area ratio in the range ∼ 6–10.
As an example, Figure 5 shows the spectra, as observed at
infinity, for the dipole (top), model 1 (center) and model 2 (bot-
tom), for values of the angles χ and ξ chosen in such a way that
the pulsed fraction is compatible with the observed value (see Fig-
ure 4). The individual blackbody components used to fit the spec-
tra are also shown; the fit results are summarized in Table 1. As
discussed above, it is clear that there is no way to reproduce the
observed emitting area ratio A2/A1 with the magnetic field topolo-
gies we used to approximate the Hall attractor stage, although in
all the three cases spectra are well fitted with two blackbody curves
with temperatures compatible with those derived by Sartore et al.
(2012).
Finally, we performed the same simulations assuming that
emission is from a condensed surface, using the analytical approx-
imations by Potekhin et al. (2012), both in the free-ions and fixed-
ions limits. We found that, for all the magnetic field configurations
considered, a fit with two blackbody components (as given by equa-
tion 8) fails match the observations, with a ratio A2/A1 smaller
than 1%. In particular, Figure 6 clearly shows that, for the case of
model 1, the shape of the spectra obtained for the condensed sur-
c© 2013 RAS, MNRAS 000, 1–??
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(a) (b) (c)
Figure 3. Temperature maps for the three different magnetic field topologies discussed in the text: pure dipole (left), dipole plus octupole (model 1, center)
and dipole plus octupole plus ℓ = 5 component (model 2, right).
face emission model (middle and bottom panels) requires the pres-
ence of at least another component in order to explain the spectral
hardening that is present at energies around 0.4–0.5 keV, at vari-
ance with what happens for the isotropic blackbody emission (top
panel), where the spectral enhancement is not present. Similar re-
sults have been found in the cases of model 2 and purely dipolar
field.
In summary, our results indicate that for the field configuration
predicted by the Hall attractor, the area corresponding to the hotter
temperature is larger than that at the cooler temperature, contrary
to what is observed in RX J1856.
6 DISCUSSION
It has been recently suggested that the magnetic field evolution in
isolated neutron stars proceeds through a phase dominated by the
Hall cascade until a Hall equilibrium stage (the Hall attractor) is
reached (Gourgouliatos & Cumming 2014a,b; Wood & Hollerbach
2015). The Hall attractor is characterized by a well defined struc-
ture of the crustal magnetic field and, in turns, of the surface tem-
perature distribution. The latter can, in principle, be probed through
X-ray observations of thermally emitting INSs, and, in this respect,
the “Magnificent Seven” (M7) provide an optimal target. In this pa-
per we have compared the predictions of the Hall attractor scenario
with the observed spectral properties of the brightest of the M7, RX
J1856.5-3754. Our main conclusion is that the surface temperature
distribution produced by the Hall attractor magnetic field configu-
ration fails to explain the X-ray spectrum of RX J1856.5-3754, as
derived from XMM-Newton observations by Sartore et al. (2012).
In particular, while the temperatures of the two blackbody compo-
nents which best-fit the data are broadly reproduced, the emitting
areas are not.
The nature of the surface emission from cooling neutron stars
is still not completely understood. For this reason we considered
both isotropic blackbody emission and emission from a condensed
phase, both at the local temperature. Agreement with observations
was not found in either case, irrespectively of the geometry of the
source (inclination of the line-of-sight and of the magnetic axis
with respect to the rotation axis). Although it can not be excluded
that other emission models can provide a better agreement with
data, we deem this unlikely.
General-relativistic ray-bending was properly accounted for
in our calculations. Numerical results were obtained for reasonable
values of the star mass and radius, 1.4M⊙ and 12 km, respectively,
and hence for the M/R ratio. However, since no estimate for these
two quantities is available for RX J1856.5-3754, one may wonder
if other choices for MNS and RNS could change our conclusions.
While we did not attempt a systematic exploration, results obtained
for other values, e.g. MNS = 1.2M⊙ and RNS = 15 km, are in
qualitative agreement with previous ones, with only some marginal
quantitative differences.
6.1 Comparison between RX J1856 and RX J0720
It is interesting to compare properties of the two most studied
sources among the M7: RX J1856 and RX J0720. In particular,
which one is older, and what can we say about their initial parame-
ters and evolution.
For both objects age determinations are not very precise. The
characteristic age, τch = P/2P˙ , is slightly larger for RX J1856:
log τch = 6.58 vs. 6.28 (Pires et al. 2014). But the kinematic age
is larger for RX J0720: log τkin = 5.93 vs. 5.62 (Pires et al. 2014).
Note, that RX J1856 has slightly smaller spin period and smaller P˙
(and so, smaller magnetic field B ∝
√
PP˙ ).
In our considerations related to the magneto-rotational evolu-
tion we noted that RX J1856 is less active (it has smaller pulse frac-
tion, luminosity, and temperature, it does not demonstrate strong
variability, etc.). In Figs. 1, 2 RX J1856 is situated closer to the
Hall attractor.
Taking all together, we have to conclude that RX J1856 is
younger (smaller τkin), but more evolved. It is possible if its mag-
netic field was initally larger, and then the source evolved faster.
However, in standard (simplified) models of evolution with field
decay, if two NSs have similar (small) initial periods, but signif-
icantly different magnetic fields, then the less magnetized cannot
attain longer spin period and, at the same time, higher P˙ . Then,
some complications to explain the data on RX J1856 and RX J0720
are necessary. To give a visual impression, we can say that evo-
lutionary tracks of RX J1856 and RX J0720 might cross on the
c© 2013 RAS, MNRAS 000, 1–??
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Figure 4. Contour plots for the pulsed fraction (top row), the ratios of the temperatures (middle row) and emitting areas (bottom row) of the two blackbody
components which fit the phase-averaged spectra, plotted as functions of the viewing angles χ and ξ for a pure dipole (left column), model 1 (middle column)
and model 2 (right column); here the pulsed fraction is computed in the 0.1-1.6 keV energy range and local emission is blackbody. The curve corresponding
to the observed pulsed fraction for RX J1856 (∼ 1.3%) is also shown.
P − P˙ diagram. Potentially, this can be related to some non-trivial
field evolution, so that RX J1856 experienced a period of very rapid
field decay in its past.
6.2 How to find INSs at the Hall attractor
It seems that even RX J1856 is not at the stage of the attractor,
yet (if predictions are correct). Then it is necessary to find more
evolved relatives of the M7.
If the Hall cascade saturates, then the field evolution is gov-
erned only by the Ohmic processes. As a NS cools down scattering
of electrons on phonons becomes less important. There is a criti-
cal value of the temperature, TU (see, for example, Cumming et al.
2004 and references therein), below which the Ohmic dissipation is
determined only by impurities. Then, the field decays very slowly,
and so the crust is not additionally heated. It seems that mostly NSs
at the Hall attractor might be relatively cool sources. It would be
very difficult to detect them even with the eROSITA (Predehl et al.
2011), as this instrument is fitted for larger temperatures.
Still, taking into account that the solar proximity is overabun-
dant in NSs with ages∼ 106 yrs due to the Gould Belt (Popov et al.
2003), we can expect that dozens of INSs with T ∼ a few tens of
eV are floating in space around us.
Another option is to look for thermal emission of RRaTs and
pulsars which are potentially close to the Hall attractor (see Fig. 1)
c© 2013 RAS, MNRAS 000, 1–??
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Figure 5. Phase-averaged spectra in the 0.1–1.6 keV energy range (black
solid lines) in the cases of the dipole (top panel), model 1 (middle panel)
and model 2 (bottom panel), for ξ ≃ 80◦ and χ ≃ 15◦, 20◦ and 25◦ ,
respectively (see Figure 4). The two blackbody components (red dashed
line and blue dash-dotted line) used to fit the spectra, as well as the best-
fitting curve (green dotted line) are also shown. In all the three cases local
emission is an isotropic blackbody (see text for details).
and have ages . Myr. For near-by sources (. 1–2 kpc) with long
exposures it is possible to detect thermal emission in X-rays.
It seems that observations of thermal emission is one of the
best way to probe the existence of the Hall attractor and test its
predicted properties.
Figure 6. Phase-averaged spectra in the 0.1–1.6 keV energy range in the
case of model 1 for different surface emission models: blackbody (top
panel) and condensed surface (free-ions, middle panel; fixed-ions, bottom
panel). The viewing angles are chosen in such a way that the correspond-
ing pulsed fractions are compatible with the observed value (∼ 1.3%), i.e.
χ ≃ 20◦ , ξ ≃ 80◦ for the blackbody and χ ≃ 25◦ , ξ ≃ 5◦ for the
condensed surface.
7 CONCLUSION
In this paper we tried to verify predictions for the magnetic field
evolution in NSs made by Gourgouliatos & Cumming (2014b).
Namely, we probed existence of the Hall attractor using data
on surface thermal emission of the source RX J1856.5-3754.
As modelling of the magnetic field structure performed by
Gourgouliatos & Cumming (2014b) predicted relative contribution
of different multiipoles, we were able to calculate the expected
spectral characteristics of such a NS. We found that, contrary to
observations of RX J1856, at the stage of Hall attractor in the two
blackbody approximation, the area corresponding to higher temper-
c© 2013 RAS, MNRAS 000, 1–??
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ature is larger than the area related to lower temperature. Thus, we
conclude that in the case of RX J1856 (and, most probaly, also in
case of most or all other M7 sources) the stage of the Hall attractor
is not reached, or the field structure at this stage is different from
the tested predictions.
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